The testes of hamsters exposed to short days (10 hr of light per day) regress within 13 weeks. Administration of 7.5% deuterium oxide to hamsters lengthens the period of free running circadian activity rhythms by 2.2% and prevents testicular regression during short-day exposure. This is consistent with predictions derived from an external coincidence model for photoperiodic time measurement: Deuterium oxide changes phase relationships between the light-dark cycle and the circadian system, the hamster's daily photosensitive phase is stimulated with light during short days, and the testes remain large. Conservation of the period of circadian rhythms within narrow limits has adaptive significance for hamster photo eriodism and for the occurrence and phasing of the annua reproductive cycle.
During the period beginning in late pregnancy and extending through birth and lactation, the mammalian mother and the newborn are most susceptible to detrimental effects from the external environment. The seasonal breeding cycles characteristic of most mammals in temperate zones ensure that the young are born at times optimal for survival (1) . Golden hamsters (Mesocricetus auratus) exposed to natural photoperiods undergo annual gonadal cycles that are determined in part by seasonal changes in the day length (2, 3) . In the laboratory, hamsters exposed daily to 12.5 hr or more of light (long days) maintain functionally mature gonads (4) . In the long-day photostimulated male, full spermatogenesis is maintained (5) and androgen secretion is normally adequate to ensure copulatory behavior (6, 7) and fertilization of ova. When day length decreases below the critical value of 12.5 hr (short days), or if the animal is blinded, the gonads regress, spermatogenesis ceases, androgen levels decline to low values within [4] [5] [6] weeks, and copulation ceases (4) (5) (6) 8) . If short days are maintained, the testes will spontaneously recrudesce and completely regrow in 25-30 weeks. Testicular recrudescence can be induced by long photoperiods in advance of its spontaneous occurrence; during the regressed phase of the cycle the animals remain photosensitive, but the short days are inadequate to maintain the reproductive system (8) .
Bunning (9) hypotheses that have been advanced to explain how circadian clocks may be involved in PTM. Pittendrigh and Minis (10) noted that light has a dual role in such a model for PTM: It entrains the many circadian rhythms of the organism, including the rhythm of photoperiodic sensitivity; and it produces the photoperiodic response when it coincides with the light-sensitive phase of the circadian photosensitivity rhythm.
Multicellular organisms comprise a population of circadian oscillations whose mutual phase relationships may have significant effects on physiological functions, in particular PTM. The internal coincidence model (11) assumes that some oscillations in the system are coupled to dawn (lights-on) and others to dusk (lights-off) and that their phase relationships change as a function of day length. The single role of light in this scheme is to entrain circadian oscillations whose mutual phase relationships determine the photoperiodic response. The external and internal coincidence models are not mutually exclusive and it is often difficult to generate distinct predictions based on the separate models (12) 
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The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 Continuous records of wheel running activity of two hamsters: H-9 in (group 1) and H-10 in group 2 (7.5% 2H20 from day 26 to day 140). The LD cycle is indicated on a 24-hr time scale (Pacific Standard Time) with the hatched horizontal bar signifying darkness. During days 0-20, both animals were exposed to 14 hr of light per day; beginning on day 21 Wheel revolutions were continuously monitored for each animal on Esterline-Angus event recorders. After-the wheel running of hamsters had entrained to the LD 14:10 cycle, the daily photoperiod was shortened to 10 hr of light (LD 10:14) . Photoperiod length was monitored by means of a photocell; the L phase of the LD 10:14 cycle was actually 10 min longer than intended-i.e., lights were on from 0850 hr to 1900 hr daily.
Before the transition to LD 10:14, the mature size of the testes was confirmed via external palpation of the gonads. Actual testis measurements (16, 17) indicate that the gonads of animals exposed to LD 14:10 photoperiods are large and functional.
Four to five days after the transition to the LD 10:14 photoperiod, the 30 hamsters were divided into four groups. Group 1 (n = 9) was offered tap water in their bottles. For group 2 (n = 7), the tap water was replaced with 7.5% 2H20 (deuterium oxide). Group 3 (n = 6) was offered 7.5% 2H20 for the first 2 weeks in LD 10:14 and 10% 2H20thereafter. Two concentrations of 2H20 were used to provide a broad range of phase angle differences between light-onset and activity-onset (18) . Group 4 (n = 8) was blinded by bilateral orbital enucleation, performed under ether anesthesia, and the tap water was replaced with 7.5% 2H20.
Testicular condition was assessed during laparotomies performed under pentobarbital sodium anesthesia (80 mg/kg of body weight) 9 and 13 weeks after transfer to the LD 10:14 photoperiod. Some hamsters also were laparotomized after 17 weeks, because regression is not always complete after 13 weeks of short-day exposure in hamsters housed in activity wheels (13) . The length and width of each animals's right testis were measured to the nearest 0.1 mm and the testis index (TI) computed as follows: (length X width)/bodyweight. A TI of approximately 2.0 indicates a large functional gonad; TI < 1.0 signifies a regressed hypofunctional testis (16) .
RESULTS
After 13 weeks of exposure to the LD 10:14 photoperiod, six of the nine hamsters drinking water (group 1) and six of the eight blind hamsters drinking 7.5% 2H20 (group 4) had regressed testes. None of the 13 sighted hamsters drinking 2H20 (groups 2 and 3) had completely regressed testes (P = 0.001, Fisher exact probabilities test, group 1 vs groups 2 and 3; P = 0.0005, group 4 vs groups 2 and 3) (Fig. 1) . The TIs of animals in groups 2 and 3 were greater than those of animals in group 1 (P < 0.02; P < 0.008, respectively, t tests) and were also greater than those of animals in group 4 (P < 0.003; P < 0.002, respectively). Fig. 2 show representative entrainment to this photoperiod during days 0-20. The PSP in LD 14:10 was estimated to extend from 2044 hr until 0844 hr each day (Fig. 3A) . The light phase and PSP coincided from 2044 hr to 2100 hr and from 0700 hr to 0844 hr daily (2 hr). This duration of photostimulation is adequate to maintain large functional testes (13, 14) .
In LD 10:14, activity for group 1 hamsters drinking H20 and undergoing testicular regression began at 2053 hr ± 24 min; their PSP extended from 2023 hr to 0823 hr daily and was not stimulated with light (Fig. 3B ).
An increased lability in the activity pattern and the loss of a stable phase reference point coincided with testicular regression (Fig. 2, H-9 , days 70-112). Activity fragmentation was recorded for the majority of sighted and blind hamsters undergoing testicular regression and may reflect effects of gonadal hormones on the hamster circadian system (see ref. 19 ). Fig. 1, group 4) (Fig. 3C) . The corresponding time of activity onset for hamsters ingesting 10% 2H20 (group 3) was 0138 ± 30 min, which provided 4.3 hr of light stimulation of the PSP. Representative activity records for group 2 and group 3 animals are shown in Fig. 2 (H-10) and Fig. 4 .
Five of the deuterated hamsters from groups 2 and 3 were tested through week 17 and their testes still had not regressed (e.g., H-10 in Fig. 2) .
Blind animals ingesting 7.5% 2H20 manifested free-running activity rhythms whose period was 24.63 ± 0.06 hr. The r for activity in nondeuterated hamsters free-running in constant darkness (DD) is 24.11 hr, computed as the average value reported in three recent studies (13, 21, 22) . The change in r induced by 7.5% 2H20 thus was approximately 0.52 hr or a 2.2% increase over the average T recorded in DD.
Changes in phase angle induced by 10% 2H120 were large (Fig. 4) 24 hr, entrainment by the LD 10:14 photoperiod (T = 24 hr) requires a phase shift each cycle to eliminate the discrepancy between r and T (13, 14) . 2H20 lengthens the T of free-running hamster circadian rhythms; if 2H20 exerts a similar lengthening effect on circadian rhythms entrained to LD cycles, it will increase the phase advance necessary to adjust T to T. Particular phase shifts can only be obtained when light falls at a particular phase of the circadian cycle; ingestion of 2H20 therefore imposes a changed phase relationship between the LD cycle and the entrained circadian system (18) . The aspect of 2H20 action most likely responsible for this effect is the lengthening in r; there is no evidence that 2H20 has an effect on the shape of the phase response curve (21) .
When hamsters are exposed to short day lengths, ingestion of 2H20 produces a coincidence of light with the hypothesized circadian rhythm of photosensitivity. The hamster's neuroendocrine system then responds as though short days were long days and the testes inappropriately fail to regress. Three nondeuterated animals spontaneously exhibited similar atypical entrainment to the LD 10:14 cycle; the testes of these animals also failed to regress or regressed more slowly, depending on whether and when a shift to a nonstimulatory phase angle occurred. These findings are consistent with an external coincidence model of PTM; accurate measurement of day length depends on specific phase relationships with the external LD cycle.
An increase approximating 2% in the hamster's underlying circadian T establishes phase relationships that cause hamsters to misinterpret short days as long days. The normal conservation of the hamster's r within narrow limits, which is a remarkable property of hamster circadian oscillations (24) , has functional significance: In the absence of such T homeostasis, the circadian system loses its utility for PTM and for phasing of the annual reproductive cycle. It remains to be established whether and how other photoperiodic mammals with a greater range of circadian periods than hamsters are able to use their circadian rhythms for accurate measurement of day length.
Large aftereffects in the T of the free-running activity rhythm were observed in deuterated hamsters released into DD after entrainment to the LD 10:14 photoperiod. Entrainment to various 24-hr photoperiods per se has no clear after effect on the hamster's T (24) ; nor does 2H20 produce after effects on T when deuteration occurs under constant conditions (DD or LL) (21, 22) . It is possible that the large discrepancy between r and T during entrainment in the deuterated state is responsible for the aftereffects. The large daily advancing phase shifts necessitated by deuteration may shorten the r of the underlying circadian oscillator and could account for the gradual drift toward earlier activity onsets in LD 10:14.
